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ABSTRACT

Transparent conductive electrode (TCE) is an essential part of modern opto-

electronic devices. Silver nanowire (AgNW) is regarded as the most promising

TCEs, owing to its balanced conductivity and transparency, and solution pro-

cessability. The use of insulating polyvinyl pyrrolidone (PVP) surfactant limits

the conductivity of the final AgNW networks. Herein, by introducing a small

amount of deionized water into the AgNWs dispersion in isopropanol (IPA), the

conductivity of the spray-coated AgNW electrode was significantly improved.

Sheet resistance (Rs) of 27.0 X h-1 with transparency of 92% (at 550 nm) was

obtained for the AgNW films spray coated from the AgNW ink with 20% water,

which is much lower than the IPA-only AgNW film (120.9 X h-1 with similar

transparency). Morphology analysis confirmed that water is able to wash PVP

away from the AgNW surface and promote the formation of AgNW bundles,

which increase the conductivity. The optimized AgNW ink was then used for

perovskite and polymer solar cells. High power conversion efficiencies of

14.04% for perovskite solar cell and 6.44% for organic solar cells with averaged

light transmittance of 21.7% and 33.12% are achieved, respectively, which are

among the highest values for all solution-processed semi-transparent perovskite

and polymer solar cells.
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Introduction

Transparent conductors play an essential role in

modern optoelectronic devices, such as touch screens

[1], solar cells [2–5], light-emitting diodes (LED) [6],

field-effect transistors (FET) [7], and wearable elec-

tronics [8–10]. Indium tin oxide (ITO) has been used

as a standard transparent electrode for decades,

owning to both excellent electrical conductivity and

high optical transmittance [11]. Unfortunately, ITO

has unsolvable issues such as poor flexibility, raw

material scarcity of supply, and high fabrication cost

[12–14]. Thus, various transparent conductors have

been developed in the last few years, including con-

ducting polymers [15, 16], carbon materials [17–19],

metal grids [20, 21], and metal nanowires [22–24].

Among them, metal nanowires are the most repre-

sentative materials and have captured much atten-

tion, owing to their advantages of high flexibility,

high transparency, and ease of fabrication [10].

Applications of AgNW electrode in solar cells [25],

light-emitting diodes [26], and wearable electronics

[27] have been reported. Although an individual sil-

ver nanowire has good electrical conductivity along

the wire direction, high junction resistance between

nanowires limits the overall conductivity of the final

AgNW films [22]. In order to reduce the sheet resis-

tance (Rs) of AgNWs film, various post-treatments,

such as thermal heating [28], Joule heating [8], elec-

trochemical coating [22, 29], electron beam irradiation

[30], mechanical pressing [31], and plasmonic weld-

ing [23], have been developed. However, these

methods require either high processing temperature

or specific apparatus, leading to a more complicated

processing procedure, as alternatives, solvent or

chemical welding, such as water immersion [32, 33],

silver–ammonia–glucose solution immersion [29],

sodium halide salts (such as NaF, NaCl), aqueous

solution immersion [34, 35], are simple and cost-ef-

ficient approaches to achieve high conductivity of the

AgNW film. However, these methods require

AgNWs to be exposed to solvents or chemical solu-

tions, making them unsuitable for the preparation of

top electrode for electronic devices with sensitive

functional layers, such as perovskite solar cells.

Very recently, we reported the preparation of all-

solution-processed semi-transparent perovskite solar

cells with inkjet-printed AgNW top electrode [36]. By

introducing the thin PEI layer, solvent-induced

chemical corrosion of AgNW by perovskite film was

successfully suppressed, and a high power conver-

sion efficiency of 14% was obtained for the trans-

parent perovskite solar cells. In comparison with

inkjet printing, spray coating displays advantages of

ease of large-scale production and much fast coating

speed. However, the spray coating AgNW thin film

typically showed lower conductivity with poorer

homogeneity, owing to the nonuniform AgNW dro-

plets [25]. Further decrease in the sheet resistance can

be achieved by increasing the content of AgNWs,

which will reduce the light transparency. The Haacke

figure of merits (FOM) defined as UTC = T10 Rs-1

[37], where T denotes the light transparency and Rs

denotes the sheet resistance, is in order of 10–3

(X h-1)-1. An additional thin ZnO layer is required

to cover the AgNW electrode to achieve a high con-

ductivity of AgNW electrode, and a PCE over 11%

was achieved for the cell with spray-coated trans-

parent AgNW/ZnO top electrode [25]. In this paper,

we provide a simple and effective method to improve

the conductivity of spray-coated AgNW films by

mixing the AgNW dispersion with a small amount of

deionized water (DI) into the isopropanol (IPA)

solution. The relative slow evaporation rate of water

leads to higher water content in the late stage of the

drying process. The residual water washes the insu-

lating PVP out of the AgNWs surface and concen-

trates the PVP component at the edge of the droplet,

which forms large AgNW bundles and improves the

interconnection between AgNWs. In the meanwhile,

the high surface tension of water enhances the cap-

illary force of the water bridge over two silver

nanowires and consequently pushes these two silver

nanowires together. Both effects improve the inter-

action between AgNWs and consequently improve

the conductivity of the AgNW film. Since no harsh

post-treatment requires for this AgNW films, this

type of AgNW ink can be directly deposited onto the

functional thin layers. Semi-transparent perovskite

solar cells with spray-coated AgNW top electrode

were demonstrated with a high power conversion

efficiency (PCE) of more than 14% with averaged

light transparence (AVT) of 21.7%, and a PCE of

6.44% with an AVT of 33.12% for all solution-pro-

cessed semi-transparent organic solar cell was also

achieved.
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Experimental section

Materials

The AgNWs dispersed in IPA with a concentration of

10 mg mL-1 were purchased from Gu’s New Mate-

rials co. Ltd. The average diameter and length of

these AgNW are 27 nm and 15 lm, respectively. The

poly(3,4-ethylenedioxythiophene): poly-(styrene sul-

fonate) (PEDOT: PSS Clevios PVP AI 4083) was

purchased from Heraeus Precious Metals GmbH &

Co. KG. PbCl2 (99%), methylammonium iodide

(CH3NH3I) (99.5%), and PbI2 (99%) were purchased

from Xi’an Polymer Light Technology Corp. Phenyl-

C61-butyric acid methyl ester (PC61BM) was pur-

chased from Solarmer Energy, Inc. (Beijing).

Branched polyethyleneimine (PEI, Mn = 2.5 9

104 g mol-1) was purchased from Sigma-Aldrich.

Poly[(2,6-(4,8-bis(5-(2-ethylhexyl-3-chloro)thiophen-

2-yl)-benzo[1,2-b:4,5-b0]dithiophene))-alt-(5,5-(10,30-

di-2-thienyl-50,70-bis(2-ethylhexyl)benzo[10,20-c:40,50-

c0]dithiophene-4,8-dione)] (PBDB-T-2Cl) and 3,9-

bis(2-methylene-((3-(1,1-dicyanomethylene)-6,7-diflu-

oro)-indanone))-5,5,11,11-tetrakis(4-hexylphenyl)-

dithieno[2,3-d:20,30-d0]-s-indaceno[1,2-b:5,6-b0]dithio-

phene (IT-4F) were purchased from Solarmer

Energy, Inc. (Beijing). MoO3 ink was synthesized

following the literature reports [38]. Patterned ITO

glass was purchased from Shenzhen South China

Xiangcheng Technology Co., Ltd. The water-con-

taining AgNW dispersions were prepared by dilut-

ing the concentrated AgNW IPA dispersion with a

certain amount of water and IPA. The final concen-

tration of AgNW dispersion is 1.2 mg mL-1. The

AgNW dispersion was named as AgNW-x, where

x denotes the volume ratio of water to the total vol-

ume of solvent. For example, AgNW-0 means the

AgNW dispersion with pure IPA solvent, while

AgNW-20 means the AgNW dispersion with 20%

(v/v) of water and 80% (v/v) of IPA.

Fabrication and characterization
of the AgNW films

The AgNW dispersions with or without water were

spray coated onto glass substrates with a spray coater

(Hizenith AC300-1, Hizenith Robot (Suzhou) Co.,

Ltd.) at a back pressure of 28 Pa. During the spray

coating process, the substrates were kept on a hot

plate of 53 �C to speed up the evaporation of IPA. By

adjusting the nozzle moving speed from 4 mm s-1 to

20 mm s-1, AgNW films with different AgNW den-

sities (25.0–5.0 lg cm-2) can be obtained, which show

difference in sheet resistance. After that, the glass/

AgNW samples were further thermal annealed at

130 �C for 10 min. After cooled down to room tem-

perature, sheet resistance and light transparency of

the coated AgNW films were then measured by a

four-point probe station (Suzhou Jingge Electronic

Co., Ltd) and a UV–visible spectrometer (Lambda

750, PerkinElmer), respectively. Atomic force micro-

scopy (AFM) measurements were recorded by using

a Dimension ICON Scanning Probe Microscope at

ambient temperature. Scanning electronic microscope

(SEM) measurements were used by Quanta 250 FEG

under test voltage about 5 kV, and energy-dispersive

X-ray spectroscopy (EDS) was measured simultane-

ously by EDAX APOLLO 10.

Preparation of perovskite solar cells
with spray-coated top AgNW electrode

Patterned ITO glasses were cleaned as the previous

report [39]. Before the deposition of the hole trans-

porting interface layer, the ITO glasses were treated

with ultraviolet ozone for 30 min. A commonly used

hole transport material PEDOT:PSS layer was spin

coated onto ITO glass at 3500 revolutions per minute

(rpm) for 45 s; during this process, 40 lL dimethyl

sulfoxide (DMSO) was dropped onto the spinning

substrate at 9th second. After that, the substrate was

moved to 130 �C hot plate and annealed for 10 min in

the ambient atmosphere. After that, the sample was

transferred into N2 glove box for the deposition of the

following layers. The perovskite precursor solution

was prepared by mixing 103.35 mg of CH3NH3I,

306.56 mg of PbI2 and 9.73 mg of PbCl2 in 350 lL
Gamma-butyrolactone and 150 lL DMSO. The pre-

cursor solution was then stirred at 55 �C overnight.

The perovskite layer was then fabricated through an

anti-solvent procedure [40]: fully dissolved per-

ovskite precursor solution (50 lL) was dropped onto

PEDOT:PSS hole transport layer at 1000 rpm for 10 s

and then 4000 rpm for 30 s. Chlorobenzene (CB,

450 lL) was added onto the spinning substrate at

17 s. The as-deposited perovskite precursor film was

then thermally annealed at 100 �C for 10 min to fully

convert the yellowish precursor film to dark brown

perovskite film. For the electron transport layer

(ETL), PC61BM was dissolved in CB (20 mg mL-1)
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and ultrasonic treated for 2 h. After the perovskite

film cooled down to room temperature, PC61BM

solution was spin coated on it at 1000 rpm for 45 s.

For semi-transparent solar cells, PEI was dissolved in

IPA (1 mg mL-1), ultrasonic treated for 2 h, and then

spin coated onto PC61BM at 5000 rpm for 60 s to

improve the connection between PC61BM and AgNW

[25]. AgNW-0 and AgNW-20 were spray coated on

the top of the devices at a nozzle moving speed of

16 mm s-1. After that, the solar cells with spray-

coated AgNW electrodes were annealed at 85 �C for

5 min. For reference opaque perovskite solar cell,

100-nm-thick Al was thermal evaporated directly on

the top of PC61BM under a vacuum of 10–5 Pa. The

active areas of these perovskite solar cells with both

Al and AgNWs as top electrodes are 0.04 cm2 defined

by a photomask for solar simulator measurements.

Preparation of organic solar cells with spray-
coated top AgNW electrode

The inverted organic solar cells were prepared on UV

ozone-treated ITO, which were the same as the per-

ovskite solar cells mentioned above. A 30-nm-thick

ZnO interlayer was deposited through spin coating

method at 3000 rpm for 50 s and followed by thermal

treating at 140 �C for 10 min in the air. For the pho-

toactive layer, PBDB-T-2Cl and IT4F were dissolved

in CB with the ratio of 1:1 (with a total concentration

of 20 mg mL-1), and a 0.5% volume ratio of 1,8-di-

iodooctane was used as the additive. The photoactive

layer was deposited on the ZnO layer by spin coating

at 2200 rpm for 50 s and heated at 100 �C for 10 min

in the glove box. Then, a 10-nm-thick MoOx anode

buffer layer was spin coated on the photoactive layer

at 2000 rpm for 50 s. Both AgNW-0 and AgNW-20

were increased concentration to 2.5 mg mL-1 to

achieve higher conductivity; then, the AgNW inks

were two consecutively spray coated on the top of the

devices at a nozzle moving speed of 16 mm s-1,

respectively. After that, the solar cells with spray-

coated AgNWs electrodes were annealed at 85 �C for

5 min. The same as perovskite solar cell, 100-nm-

thick Al was thermal evaporated directly on the top

of MoO3 under a vacuum of 10–5 Pa to form the ref-

erence opaque organic solar cell. The active areas of

these organic solar cells with different top electrodes

are 0.04 cm2 defined by a photomask for solar sim-

ulator measurements.

Characterization of solar cells

The current density–voltage (J–V) characters of the

perovskite and organic solar cells were measured

with a Keithley 2400 source meter in N2 glove box

under a simulated sun AM 1.5 G (Newport VeraSol-2

LED Class AAA Solar Simulator). The external

quantum efficiencies (EQE) were tested in a setup,

where a 150-W tungsten halogen lamp (Osram 64642)

was used to provide probe light. Before passing the

monochromator (Zolix, Omni-l300), the light was

modulated with a mechanical chopper to select the

wavelength. The response was recorded as the volt-

age by an I–V converter (QE-IV Convertor, Suzhou

D&R Instruments), using a lock-in amplifier (Stan-

ford Research Systems SR 830).

Result and discussion

Conductivity and transmittance
of the AgNWs films

Figure 1a depicts the sheet resistance (Rs) of the

spray-coated AgNW films from different AgNW

inks. As seen here, the spray-coated AgNW-0 films

showed an averaged Rs of 120.9 X h-1 with an AVT

of 90.8%. By introducing 10% of DI water into the

AgNW ink, the spray-coated AgNW-10 films showed

a reduced averaged Rs of 47.5 X h-1. This was fur-

ther reduced to 27.0 X h-1 with the increase in water

content to 20%, while keeping almost the same AVT

of 91%. Further increment in water content up to 60%

increases the sheet resistance to 30–40 X h-1; how-

ever, these numbers are still much lower than that of

the AgNW-0 films. These results demonstrate that

water can increase the conductivity of the coated

AgNW film. For the AgNW-70 and AgNW-80 films,

the excessive DI water, however, brings poor wetta-

bility of the AgNW inks onto the glass surface,

leading to high sheet resistance over 1000 X h-1 with

very poor homogeneity. Interestingly, although the

Rs varied obviously with the change of water content

in the AgNW inks, negligible change on optical

transmittance is observed. As shown in Fig. 1b and

Table 1, all these water-containing AgNW films

showed high transmittance of around 90% at 550 nm

and AVT of 91% over 400 nm and 800 nm, which are

almost the same as that of AgNW-0 films. This can be

understood by the fact that AgNW densities are
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identical for all these films (6.2 lg cm-2), since the

printing speed was fixed at 16 mm s-1 for all

samples.

Note that the conductivity of the coated AgNWs

electrode can be further increased by reducing the

spray nozzle moving speed (increasing the AgNW

density). As shown in Figure S1 (in Supporting

Information), when spray speed is slowed down to

8 mm s-1 (corresponding an increased AgNW den-

sity of 12.5 lg cm-2), the average Rs of AgNW-20

films is reduced to 7.1 X h-1 with an AVT of 79.5%.

Further decrease the moving speed can further

decrease the sheet resistance down to close to

5 X h-1. However, the AVT is also significantly

reduced to lower than 80% (Table S1 in Supporting

Information).

Figure 1c describes the relationship between Rs

and T (at 550 nm) of these films spray coated from

the AgNW-x inks at different nozzle moving speeds.

As seen here, the AgNW-20 and AgNW-40 showed

Rs-T curves much closer to the upper left corner

when compared to the IPA-only ink (AgNW-0),

confirming the positive effect of DI water doping.

Table 1 lists the UTC of the AgNW-x films. As seen

here, the AgNW-20 showed a highest UTC of

1.37 9 10–2 X-1, which is almost an order of magni-

tude larger than AgNW-0 (3.16 9 10–3 X-1) and ITO

without post-treatment (2.4 9 10–3 X-1) [25]. Never-

theless, by varying the spray coating parameter,

conductivity and light transparence of the AgNW

films can be tuned by varying the ink formulation

and printing processing parameter. More impor-

tantly, introducing water into the AgNW ink is

helpful for achieving high conductive AgNW elec-

trodes with considerable light transparence.

Morphology of the coated AgNW networks

Figure S3 in Supporting Information shows the

optical microscope images of the spray-coated

AgNW network films with different water contents.

As seen here, with the water content increases,

AgNW bundles on the surface become more clearly

visible, indicating that water is helpful in formation

of AgNW bundles. However, when the water content

is greater than 40%, a large number of AgNW bun-

dles formed leading to a significant unevenness of the

surface on the 50-micron scale. As a result, the

Figure 1 a Measured sheet resistance (Rs), transmittance spectra b of the AgNW films spray coated from different AgNW-x inks at a

moving speed of 16 mm s-1; c the correlation of Rs and T at 550 nm for different AgNW films.

Table 1 Characteristics of AgNW-x films spray coated at a speed of 16 mm s-1

Entry AgNW ink Rs (X h-1)a Transmittance at 550 nm (%) AVT (%)b UTC = T10 Rs-1 (X-1)

1 AgNW-0 120.9 ± 31.6 91.7 90.8 3.16 9 10–3

2 AgNW-20 27.0 ± 4.2 92.0 90.6 1.37 9 10–2

3 AgNW-40 31.3 ± 9.8 91.0 89.7 1.07 9 10–2

4 AgNW-60 43.4 ± 14.1 92.3 90.7 8.73 9 10–3

5 AgNW-80 2124.5 ± 1796.5 91.2 89.5 1.55 9 10–4

aThe calculated average sheet resistance
bThe average light transmittance over 400–800 nm
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AgNW-20 exhibits an optimal balance of forming

AgNW bundles and film uniformity. To better

understand the mechanism of the conductivity

improvement in AgNW networks by mixing the

AgNW IPA dispersion with water, morphology of

the AgNW networks was further investigated by

AFM and SEM. Figure 2 depicts the AFM topography

(a, b and d, e) and phase (c, f) images of the spray-

coated AgNW-0 (a–c) and AgNW-20 (d–f) networks.

As seen here, even though silver nanowires are ran-

domly deposited onto the substrate for both samples,

round-shaped patterns with a diameter of around

40 lm can be distinguished. Such round-shaped

patterns are then considered as the dried droplets of

the AgNW ink. Interestingly, the AgNW-20 sample

showed more significant round-shaped pattern with

big bumps at the edge of the droplet. The zoom-in

image (Fig. 2e) shows that such a bump is struc-

tureless with visible silver nanowires cross the bump.

This demonstrates that the big bump at the edge of

the droplet is not the bundles of silver nanowires.

Phase image (Fig. 2f) also confirmed that the big

bump is different from the silver nanowires in the

center of the droplet. Taking it into account that there

are only AgNW and PVP in the AgNW ink, we

attribute the big bump at the edge of the droplet to

the PVP aggregates. The formation of this PVP bump

is due to the ‘coffee ring effect’ of water in the AgNW

ink (vide infra). In contrast, the AgNW-0 showed less

PVP-rich area over the film. Since both AgNW inks

have the same AgNW and PVP concentration, the

formation of PVP bumps for the AgNW-20 suggests

that there is less PVP in the center area of the dried

droplet, when compared to AgNW-0. This conclusion

is also supported by the phase images (Fig. 2c, f),

where AgNW-20 showed very clear AgNW phases

when compared to AgNW-0 film. Interestingly, the

averaged surface roughness of AgNW-0 was found to

be 19.6 nm, which is similar to that of AgNW-20

(20.5 nm).

Morphology of the spray-coated AgNW films was

also investigated by scanning electron microscope

(SEM). Figure 3a, d shows the secondary electron

(SE) SEM images of AgNW-0 and AgNW-20 films

taken in 75 lm scale. Similar to the AFM results (vide

supra), edges of the AgNW ink droplet can be clearly

Figure 2 AFM height images under large area scans (a, d) and local scans (b, e) of AgNW-0 (a, b) and d, e AgNW-20 films; c, f the

phase imagines of the corresponding films.
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seen with dark boundaries. Although EDS measure-

ment did not provide direct evidence of forming PVP

domains owing to the low applied voltage during

SEM measurement (Figure S4), these dark boundaries

in these SEM image are then ascribed to the PVP rich

areas, owing to the low conductivity of PVP compo-

nent. In addition, the AgNW-20 film shows much

clear and wider range of droplet boundaries than the

AgNW-0 film, indicating that PVP is more intensively

concentrated for AgNW-20 film. Also, more bright

areas were measured in the center of the AgNW

droplet for the AgNW-20 film, indicating that con-

ductivity of the AgNW-20 film is improved when

compared to the AgNW-0 film, corresponding well to

the conclusion that PVP in the center part of the

droplet is partially washed away and then concen-

trated at the edge of the droplet. Since the SE SEM

image gives the topographic information of near-

surface layer of the conductive films, to better

understand the nanomorphology of the AgNW films,

the backscattered electron (BSE) images, where dee-

per compositional information of the specimen films

can be obtained [41], were also measured (Fig. 3b, e).

As seen here, the AgNW-20 film has more significant

AgNWs bundles than the AgNW-0 film. In addition,

larger PVP regions can be still distinguished in the

AgNW-0 film (Fig. 3b) than the AgNW-20 film

(Fig. 3e), suggesting that there are more PVP aggre-

gates within the AgNW-0 film than AgNW-20 film. In

other words, PVP was washed away from AgNWs by

water, and the PVP molecules are float on AgNW

bundles. The larger AgNW bundles as well as less

PVP within the AgNW networks ensure the higher

conductivity of the AgNW-20 film. Figure 3c, f shows

the zoom-in images of the AgNW-0 and AgNW-20

films. As seen here, AgNWs are rather loosely con-

tacted with others in the AgNW-0 film, whereas the

AgNWs are bent to fit the shape of the underlying

AgNWs in the AgNW-20 film, suggesting that inter-

action between AgNWs is improved for the AgNW-

20 films.

Drying Process of the water-containing
AgNW droplet

Based on the morphology difference of the AgNW-0

and AgNW-20 films, a drying process of the AgNW

droplet is proposed as shown in Fig. 4. At the early

stage of the drying of ink droplet, the liquid–gas

interface at the edge of the droplet is cooler than the

bulk. This perturbation of surface temperature

induces the surface tension gradients, resulting in a

Marangoni flow from edge to center [42]. On the

other hand, the high surface tension of water pro-

vides a capillary flow from the center to the edge of

Figure 3 SEM images of AgNW-0 (a–c) and AgNW-20 (d–f) films (b, e are the backscattered electron images of the corresponding

films).
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the droplet, manifested as an opposite to Marangoni

flow [43, 44]. For AgNW-0 droplets, IPA has a rela-

tively low surface tension of 21.7 mN m-1 [45],

leading to the Marangoni flow plays as the dominant

influence in the evaporation process. But for water

mixed AgNWs dispersion, the enormous surface

tension of water (72.8 mN m-1) [46] significantly

enhances the capillary flow over Marangoni flow,

resulting in the much-enhanced coffee ring. Since

PVP is highly soluble in water, such a capillary flow

washes the PVP out from the AgNW surface and is

consequently concentrated at the edge of the droplet,

leading to the formation of PVP bumps after drying.

It is known that the AgNW ink has certain amount of

silver nanowires, which means the concentration of

PVP is constant, and the process of PVP concentrated

at the edge of the droplet lowers the concentration of

the center AgNW area and consequently enhances

the interconnection of AgNWs, resulting in a cold

welding of nanowires.

Meanwhile, since water has a high boiling point

than isopropanol, residual water bridges formed

between silver nanowires in the final stage of the

drying process (Fig. 4), which offers very high cap-

illary force between silver nanowires. This was con-

sidered as the most important driving force to bring

two AgNWs together [32, 33] that would definitely

improve the contact of nanowires. In short summary,

reduced sheet resistance of AgNW films from the

water-containing AgNW inks is ascribed to the syn-

ergistic effect of coffee ring effect of residual water,

which washes the insulating PVP from the silver

nanowire surface, and the high capillary force of the

water bridge between silver nanowires, both of

which improves the contact between AgNWs.

Perovskite solar cells with different top
electrodes

Preparation of transparent top electrode via solution

process for perovskite solar cells is of great interest,

since this is the key step for the realization of all

solution-processed photovoltaics. AgNWs are con-

sidered as the ideal material for use in perovskite

solar cells for their high light transparency and

excellent conductivity [25]. The current work

demonstrates that improved conductivity of the

AgNW networks can be achieved by using the water–

IPA mixture solvent-based AgNW inks without any

harsh post-treatment, making them ideal for using in

perovskite solar cells as the top electrode. To confirm

this, perovskite solar cells with spray-coated AgNW

top electrodes were then fabricated and tested. The

perovskite solar cells investigated in this work have a

structure of ITO/PEDOT:PSS/CH3NH3PbI3/PC61-

BM/PEI/AgNW (Fig. 5a), where the AgNW network

electrode was prepared by spray coating AgNW-20

on top of the thin PEI layer with a spray speed of

16 mm s-1. For comparison, reference cells with

Figure 4 Mechanism for water removed PVP from AgNWs and formed PVP-coated AgNW rings.
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spray-coated AgNW-0 ink as well as thermal evapo-

rated Al electrodes were also fabricated. A thin layer

of PEI was introduced on top of PC61BM to smooth

the electron injection from PC61BM to AgNW and to

suppress the chemical reaction between perovskite

film and silver nanowires [25].

The device with spray-coated AgNW-0 electrode

gave poor photovoltaic performance with a low

short-circuit current density (JSC) of 14.72 mA cm-2,

an open-circuit voltage (VOC) of 0.87 V, a fill factor

(FF) of 0.52, and an overall power conversion effi-

ciency (PCE) of 6.78% (Fig. 5b and Table 2), which is

similar to our previous result [25]. In contrast, the

best AgNW-20-based cell showed a high JSC of

18.60 mA cm-2, VOC of 1.02 V and a high FF of 0.74,

leading to an overall PCE of 14.04%, which is more

than double the PCE value of the best AgNW-0-based

cell. More importantly, greatly improved device

reproducibility was found for the AgNW-20-based

cells as shown in Fig. 5d. Averaged PCE of these 28

cells is 12.00%, and most of the cells showed high

PCE of over 12% (see Figure S5 in the in Supporting

Information for more details), demonstrating that

AgNW-20 electrode showed much higher device

performance in solar cell application. External quan-

tum efficiency (EQE) spectra of these best cells are

shown in Fig. 5c; the integral of EQE reflects Jsc of the

corresponding device. As seen here, the AgNW-20

cell showed superior photon to electric conversion

efficiency over AgNW-0 cell, suggesting much better

charge generation and collection within the AgNW-

20 cell. In addition, relative lower EQE over

580–800 nm was found for the AgNW-20 cell when

compared to the opaque Al cell, which could be

Figure 5 a Semi-

transmittance perovskite solar

cell device structure; b J–

V curves and c EQE spectra of

the best performance devices

with different metal top

electrodes; d histogram of

PCE for 28 individual

perovskite solar cells using

AgNW-20 as top electrodes.

Table 2 Summary of the

semi-transparent perovskite

solar cells with different metal

top electrode photovoltaic

properties

Top electrode Voc (V) Jsc (mA cm-2)a FF PCE (%)b

Al 1.00 20.02 0.77 15.42

AgNW-20 1.02 18.60 0.74 14.04 (12.00 ± 2.04)c

AgNW-0 0.89 14.72 0.52 6.78
aJsc is calculated from EQE spectrum
bPCE = Voc 9 Jsc 9 FF
caveraged data over 28 individual cells
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understood by the light transparence of AgNW

electrode. The high FF of 0.74 of the AgNW-20 cell is

close to that of Al-based cell (0.77), demonstrating a

well connection between AgNW-20 and PEI interface

layer, which is ascribed to a positive effect of water as

well. Overall, such a device performance enhance-

ment can be attributed, on the one hand, to improved

conductivity of the AgNW-20 networks as described

above and, on the other hand, to improved interface

connection between AgNW and PC61BM/PEI, since

PEI has better solubility in water.

Figure S6(a) in Supporting Information shows the

transmission spectrum of the cell over 300–1200 nm

wavelength. An averaged light transmittance over

400–800 nm was calculated to be 21.7%, which is

among the most efficient semi-transparent perovskite

solar cells fabricated by all solution processed (see

also S4(b) in the in Supporting Information for the

photograph). To fully confirm the semi-transparency

of the prepared perovskite solar cells, the photo-

voltaic performance of the cell illuminated on both

ITO and AgNW sides was tested. Figure 6 depicts the

J–V and EQE curves of the cell with light illumination

on different sides, and the photovoltaic performance

data are listed in Table 3. Benefiting from the excel-

lent transmittance of AgNW-20 film, the cell perfor-

mances are also very well when the cell is illuminated

on the AgNW side. A PCE of 13.64% with a JSC of

18.13 mA cm-2, VOC of 0.99 V and a high FF of 0.76,

which is only 0.4% lower than that illuminated on the

ITO side. EQE spectra (Fig. 6b) showed that slightly

lower EQE over 300–500 nm was found for the cell

illuminated on the AgNW side, which can be ascri-

bed to the low light transmittance of the AgNW film

in this wavelength range (Fig. 1b). Interestingly,

slightly higher EQE over 500–700 nm was measured

for the cell illuminated on the AgNW side, which

could be due to the light scattering effect of the

AgNWs, leading to the longer light pathways. It is

worth also noting that almost no hysteresis was

measured for this cell under different illumination

sides (Table 3), suggesting there is no obvious charge

accumulation at both electrode sides.

Organic solar cells with different top
electrodes

Semi-transparent organic solar cells also have great

potential for building integrated applications [47]. In

order to further verify the application of AgNW-20,

we also fabricated semi-transparent organic solar

cells with spray-coated AgNW-20 or AgNW-0 as top

electrodes. However, initial efforts of using

1.2 mg mL-1 AgNW ink for the preparation of

organic solar cells gave poor device performance,

indicating that organic solar cell is more sensitive to

the sheet resistance of the electrode, which could be

due to several orders of magnitudes lower charge

carrier mobilities (* 10–4 cm2 V-1 s-1) for the PBDB-

T-2Cl:IT-4F blends [48] than that of CH3NH3PbI3
(* 800 cm2 V-1 s-1) [49]. By increasing the concen-

tration of AgNW ink to 2.5 mg mL-1, we are now

able to make good cell by spray coating AgNW top

electrode. The structure of bulk heterojunction

organic solar cell is described in Fig. 7a. For the

devices with AgNW-0 as electrodes, the champion

device showed a low VOC of 0.59 V, a Jsc of

8.96 mA cm-2, an FF of 0.35, resulted in an overall

PCE of 1.85%. The cells with spray-coated AgNW-20

electrodes show superior performance to the AgNW-

0-based cell. The best AgNW-20 cell showed a VOC of

0.84 V, a Jsc of 11.44 mA cm-2, an FF of 0.67, and a

noticeable PCE of 6.44%, which is tripled the PCE of

AgNW-0-based device (Fig. 7b and Table 4). Owing

to the light transparency of the coated AgNW elec-

trode, the JSC of the AgNW-20-based cell is lower

Figure 6 a J–V curves of the

best device illuminated from

ITO side and AgNW-20 side,

respectively, and b the

corresponding EQE spectra.
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than that of the opaque cell (11.44 vs.

18.90 mA cm-2), similar to that reported in the liter-

ature [47, 50]. However, the VOC and FF are compa-

rable to the opaque Al-based device (VOC: 0.84 vs.

0.88 V, FF: 0.67 vs. 0.70), suggesting that interfacial

connection between MoO3 and AgNW is reasonably

good for this fully solution-processed cell. More

importantly, the AgNW-20-based cells showed much

higher reproducibility than the AgNW-0-based cells,

and most of the cells showed PCE of more than 5%

Table 3 Device performances

of semi-transparent solar cell

illuminate from AgNWs side

and ITO side

Illumination direction Voc (V) Jsc(mA cm-2)a FF PCE (%)b

ITO side—reverse scan 1.02 18.60 0.74 14.04

ITO side—forward scan 1.01 18.65 0.74 13.94

AgNW-20 side—reverse scan 0.99 18.13 0.76 13.64

AgNW-20 side—forward scan 1.00 18.08 0.75 13.56
aJsc is calculated from EQE spectrum
bPCE = Voc 9 Jsc 9 FF

Figure 7 a Structure of semi-

transmittance organic solar cell

device; b J–V curves and

c EQE spectra of the best

performance devices with

different metal top electrodes;

d J–V curves and e the

corresponding EQE spectra of

the best semi-transparent

organic device illuminated

from ITO side and AgNW-20

side, respectively; f histogram

of PCE for 16 individual

organic solar cells with

AgNW-0 and AgNW-20 top

electrodes, respectively.
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(see Fig. 7f and Figure S7 for more details). The EQE

spectra of the champion AgNW-20 and AgNW-0

cells, as well as the reference opaque cell, are shown

in Fig. 7c. The relative lower EQE spectra of AgNW-

20 and AgNW-0 cells compared to the opaque Al cell

could also be understood by the light transparence of

AgNW electrodes, while the higher EQE for the

AgNW-20 cell than AgNW-0 indicates that charge

collection is better in AgNW-20 cell, suggesting that

water in AgNW ink is helpful in forming better

interfacial connection in polymer solar cells.

Figure S8a in Supporting Information shows the

transmission spectrum of the semi-transparent

organic solar cell over 300–1200 nm wavelength. An

averaged light transmittance (AVT) over 400–800 nm

was calculated to be 33.12%, suggesting an excellent

light transparency in visible light range (see Fig-

ure S8b for the photograph of the semi-transparent

organic solar cell). We then test the J–V characteristics

and EQE spectra of the semi-transparent cell illumi-

nated from ITO or AgNW-20 side, and the results are

shown in Fig. 7d and e, and the photovoltaic per-

formance data are listed in Table 4. When the cell is

illuminated on the AgNW-20 side, a slight lower PEC

of 4.74% was obtained with a VOC of 0.81 V, an FF of

0.64, and a JSC of 9.07 mA cm-2, which can be ascri-

bed to light reflectance of the AgNW electrode owing

to high AgNW density (25.8 lg cm-2).

Conclusions

In summary, we provide a simple and effective

method to improve the conductivity of AgNW films

by introducing a small amount of DI water in the

AgNWs IPA dispersion. Morphology investigation

released that water is able to wash the insulating PVP

component from the AgNWs and concentrate PVP at

the edge of the droplet, leading to the reduction in

PVP concentration in the centre of AgNW networks.

In addition, high surface tension of water enhances

the capillary force of the water bridge between two

AgNWs and consequently brings the two AgNWs in

contact to each other. Since no harsh post-treatment is

required for forming highly conductive AgNW net-

works, it is highly suitable for use in sensitive elec-

tronic devices as the top electrode. All solution-

processed semi-transparent perovskite solar cells

having this spray-coated AgNW-20 top electrodes

were then fabricated, and a high PCE of 14.04% with

an averaged light transmittance of 21.7% was

achieved. In addition, all solution-processed semi-

transparent organic solar cells with spray-coated

AgNW-20 as top electrodes also showed champion

PCE of 6.44% and transmittance of 33.12%, which

further verify the wide application of AgNW-20.
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